Essential oils and their constituents are known to possess antimicrobial activity; however, their inherent volatility is a limiting factor. In order to exploit the antimicrobial efficacy of essential oils, encapsulation within polymeric liposomal systems was undertaken. The liposomes were subsequently polymer-coated in order to further enhance the stability of the formulations. Essential oils distilled from Artemisia afra, Eucalyptus globulus and Melaleuca alternifolia were encapsulated into diastearoyl phosphatidylcholine and diastearoyl phosphatidylethanolamine liposomes employing a reverse phase evaporation methodology. A polyelectrolyte coating was then applied via the layer-by-layer self-deposition technique. A batch of the liposomes was polymer-coated with a 0.15%w/v chitosan solution. Using the minimum inhibitory concentration assay, the liposome-encapsulated, unencapsulated and polymer-coated liposome-encapsulated essential oils were compared in order to observe whether the antimicrobial efficacy was improved with encapsulation and polymer coating. Fractional inhibitory concentrations (FICs) were calculated in order to determine the antimicrobial interactions amongst the lipoid components, polymer coating and essential oils (synergistic, additive, indifferent and antagonistic interactions). With the exception of A. afra, microbial growth was inhibited at lower concentrations for the encapsulated formulations in comparison with the nonencapsulated oils. Synergistic to additive interactions were noted for encapsulated E. globulus (∑FIC values 0.25-0.45) and M. alternifolia (∑FIC values 0.26-0.52) formulations. The addition of the polymer coating did not enhance antimicrobial activity, but owing to their positive effects on membrane stability, its presence is important as a means of extending the shelf life of these formulations. Additionally, the presence of the polymeric coating availed the essential oil at a slower rate. This investigation is a stepping stone towards the promotion of the antimicrobial use of essential oils. The added benefits are that essential oils not only provide effective antimicrobial efficacy, but also promote a "greener" consumerism. Within liposomes, they will enhance dermato-cosmetic properties and increase the marketing image of the final product.
Worldwide there is a movement towards the use of natural products rather than synthetic chemical substances. It has become common practice for consumers to prefer the purchasing of products made from natural ingredients because of the perceived belief that they are less harmful towards humans and the environment. The use of naturally occurring essential oils as an alternative to chemical antimicrobials is an example of this. Essential oils -concentrated, hydrophobic liquids containing volatile aroma compounds from plants and their components -are known to possess antimicrobial activity [1] [2] [3] .
Essential oils are biologically unstable, poorly soluble in water and distribute poorly to target sites. Currently, various methods have been introduced in order to improve their stability and bioavailability, among which is the use of liposomal encapsulation [4] . Liposomes are described as microscopic, spherical vesicles that form when hydrated phospholipids arrange themselves in circular sheets with consistent head-to-tail orientation. These sheets join others to form a bilayer membrane that encloses water and water-insoluble material in a phospholipid sphere. As a result, liposomes enable water-soluble and water-insoluble materials to be utilized together without surfactants or other emulsifiers [5] . Phospholipids, including phosphatidyl cholines (PC), phosphatidyl ethanolamines (PE) and phosphatidyl serines (PS), constitute the primary makeup of naturally occurring bilayers; their amphiphilicity being their commonality [6] . Encapsulation within liposomes reduces reactivity with the environment (water, oxygen, light), decreases the evaporation or the transfer rate to the outside environment, promotes handling ability, masks taste and enhances dilution to achieve a uniform distribution in the final product when used in very small amounts [7, 8] . Owing to their amphiphilicity and stability-provoking potential, liposomes serve as an effective strategy for encapsulation and delivery of essential oils. The use of liposomes also provides the necessary protection against essential oil oxidation, and thus enhances the antimicrobial efficacy of the said oil, as recent investigations have demonstrated [9] . Liolios [10] described the encapsulation of components of the essential oil from Origanum dictamnus in phosphatidyl choline-based liposomes and the possible improvement of their antimicrobial activities were tested against selected microbia. All tested compounds presented enhanced antimicrobial activities following encapsulation [10] . Other studies incorporating liposomal encapsulation include the encapsulation of Zanthoxylum tingoassuiba essential oil [11] , and using the modified encapsulation technique of rapid expansion of supercritical solution application, the essential oil from Atractylodes macrocephala was shown to have an entrapment efficiency of 82.2% [12] . Both studies, however, did not elaborate on any improvement of biological activity when encapsulated.
Although liposomes are an appropriate encapsulating vehicle, their overall stability is somewhat limited. In order to overcome the inherent instability predicted when encapsulating liposomes, chitosan was included in the formulation. Chitosan has been reported to be a nontoxic, biodegradable antibacterial agent [13] . It has shown immunostimulation effects when used in vivo [14] and synergistic activity with antibiotics when tested against Pseudomonas aeruginosa [15] . Polymer coating of the liposomes with a chitosan solution by self-deposition of a polymeric coat upon the liposomal surface will not only serve to increase potentially the stability of the formulation, but also provide improved antimicrobial activity [16] . In a recent review of the application of essential oil delivery systems, chitosan was recommended for sustained protection and a more controlled drug release [17] .
In this investigation, we proposed the encapsulation of essential oils in liposomes employing the inherent principles of micro/nanoencapsulation, followed by polymeric coating of the resultant liposomeencapsulated essential oils. For the purposes of this study three essential oils were considered: Eucalyptus globulus (blue gum), Melaleuca alternifolia (tea tree) and Artemisia afra (African wormwood). Both E. globulus and M. alternifolia are popular oil producing aromatic plants in the commercial sector. A. afra is one of the most widely used medicinal aromatic plants, indigenous to South Africa [18] [19] [20] [21] . The antimicrobial efficacy of the liposome-encapsulated and polymercoated liposome-encapsulated essential oils were evaluated against commonly encountered pathogens, namely, Candida albicans, Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus, to ascertain whether the antimicrobial efficacy of the essential oil is significantly enhanced through encapsulation. The interactive effects amongst the essential oil, liposome and polymeric coating were determined by calculation of the fractional inhibitory concentrations (FICs). The physicochemical properties of the liposomal systems, such as the encapsulation efficiency, the size distribution, and stability as expressed via the zeta potential of the liposomal formulations were also evaluated.
Encapsulation of essential oils: E. globulus and M. alternifolia essential oils were successfully incorporated into liposomes. This is attested by the homogenous appearance of the liposomal suspensions, the consistent appearance upon microscopic examination and the concentration of encapsulated essential oil within the liposomal suspension as determined spectrophotometrically. The essential oil from A. afra, however, was not as successfully incorporated into the liposomes. The A. afra liposomal suspension failed to produce a satisfactorily stable emulsion. Furthermore, a low concentration of encapsulated essential oil within the liposomal suspension was determined spectrophotometrically. The essential oil from A. afra is known to exhibit promising antimicrobial properties [22, 23] . However, the ability of some essential oil constituents to have inherent destructive effects on membranes [24] may also imply that it may have a deleterious effect on liposomal membranes. This may explain why entrapment within the liposomal structure does not confer any notable advantage with regards to enhancing its stability in terms of exerting its antimicrobial effect. This encapsulation process highlights the extent to which the three essential oils differ owing to their diverse chemical make-up.
Polymer-coating of liposome-encapsulated essential oils:
Polymer coating showed no improvement in the antimicrobial efficacy of E. globulus and M. alternifolia, but owing to their positive effects on membrane stability, their presence is important as a means of extending the shelf life of these formulations. Additionally, the presence of the polymeric coating may avail the essential oil at a slower rate, owing to its capabilities in controlling bioactive release, thus impacting on the observed antimicrobial efficacy. The
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Stability and size analysis of liposomes:
An evaluation of the physicochemical characteristics of the essential oil-encapsulating liposomes is of importance. The essential oil: liposome complex is anticipated to possess new physicochemical characteristics and bioactivity, depending on the ultimate structure, size and z-potential [10] . The resultant antimicrobial activity is thus notably influenced by liposome physicochemical characteristics in terms of the composition, size and charge of the preparation. Essential oil encapsulating liposomes ranged in size from 885 nm to 9.28 μm. This is somewhat larger than that obtained by other investigators where sizes of approximately 70-150 nm were obtained [25] . The decrease in size due to polymeric self-deposition in the corresponding polymer-coated form is noted. The mean diameters of the respective formulations are represented in Table 1 . The polydispersity index (PI) is provided as an indication of the size variability.
Liposomes are anticipated to possess a negative charge on the surface, and polymer-coated liposomes should have a positive surface charge. A high zeta value (positive or negative) is indicative of a high surface charge, which represents enhanced stability and resistance to aggregation. When the potential is low, attraction exceeds repulsion and the dispersion will break and flocculate. The polymer-coated liposomes had a higher positive surface charge and therefore a greater stability than the uncoated liposomes (Table 1) ; a motivating factor towards polymer-coating the liposomes for improvement of the overall stability of the encapsulated formulations. clearly observed for all samples. Representative images (Figure 1) are provided for only a selection of oil samples.
Determination of incorporated essential oil within liposomal suspensions:
Satisfactory essential oil concentrations were retained within the liposomal formulations for E. globulus and M. alternifolia following encapsulation. A. afra escaped to a greater extent during liposomal preparation with a lower degree of entrapment within the liposomal suspension. The final concentrations of incorporated essential oils were determined (Equation 1) and are represented in Table 2 . 
Antimicrobial activity:
The antimicrobial activity of the three essential oils selected are well known, however their efficacy when encapsulated within a liposome have not been studied. Phospholipids and chitosan are known to display antimicrobial activity without demonstrating significant mammalian toxicity or skin irritation effects [14] . Interactive effects were thus Tables 3 and 4 , respectively.
Antimicrobial efficacies for A. afra essential oil have been previously reported [19, 22, 23, [26] [27] [28] [29] [30] . The MIC values in this study ranged between 1000-6000 µg/mL, depending on the pathogen studied ( Table 3 ). The antimicrobial activity for the liposome-encapsulated A. afra did not show any improvement compared with the unencapsulated essential oil. With polymer-coating, the liposome-encapsulated A. afra resulted in lower MIC values signifying that a more robust coating overcomes the volatility concerns inherent to this oil. Indifferent activities (∑FIC values 1.37-2.48) were noted with polymer coating and encapsulation (Table 4 ). An interesting point to note was that the improvement in antimicrobial efficacy found with the polymer coating of A. afra essential oil liposomes illustrates the possible destructive effects of the essential oil on lipoid membranes and may be overcome by the presence of an additional stabilising layer. This resonates with the prediction that the A. afra oil may have been escaping from the liposomes and, therefore, not displaying improved antimicrobial efficacy upon initial encapsulation.
Antimicrobial activities for E. globulus essential oils have been widely studied [31] [32] [33] [34] . The MIC values ranged between 375-4000 µg/mL depending on the pathogen studied ( 
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Natural Product Communications Vol. 5 (9) 2010 1405 S. aureus) ( Table 4 ). Polymer coating of liposomeencapsulated M. alternifolia resulted in MIC values equal to those of encapsulated essential oil against all four pathogens with mostly additive interactions noted (∑FIC values 0.50-0.70 for P. aeruginosa, S. aureus and C. albicans) (Tables 3 and 4 ).
With the exception of studies undertaken on A. afra, liposomal encapsulation of the essential oils was found to improve the antimicrobial efficacy of the essential oils. The antimicrobial activity of E. globulus essential oil when encapsulated within the liposomal formulation exhibited mostly synergistic interactions. When encapsulated within the polymer-coated liposomal formulation, additive and synergistic interactions were evident depending on the pathogen studied. For the M. alternifolia essential oil, encapsulation within the liposomal formulation and polymer-coated liposomal formulation displayed additive and synergistic interactions, depending on the pathogen studied. The polymer coating of the liposomes generally either had no effect on antimicrobial activity or improved antimicrobial efficacy. Furthermore, the surface stability of the encapsulated form was enhanced. In future, use of polymer-coating of liposomeencapsulated essential oils could serve not only to add to antimicrobial activity, but also to protect the liposomes from undergoing premature aggregation by improving the surface stability of liposomes and providing a more prolonged release of the encapsulated oils, thus extending their activity.
This investigation promotes the use of essential oils in formulations as alternate antimicrobials to synthetic chemical substances. The added benefits are that essential oils not only provide effective antimicrobial efficacy, but also promote a "greener" consumerism, are safe and cost-effective and will enhance dermatocosmetic properties and the marketing image of the final product.
Experimental

Materials:
A. afra ex Willd., E. globulus Labill. and M. alternifolia Cheel were respectively collected from Klipriviersburg Nature Reserve (south of Johannesburg), Cresta (north-western Johannesburg) and north of Polokwane (Limpopo Province), South Africa. Authentication was confirmed and voucher specimens for each plant are housed in the Department of Pharmacy and Pharmacology, University of the Witwatersrand. The plant samples were hydro-distilled for 3 h and the essential oils tapped and retained in amber bottles (4°C) for further analysis. The essential oil compositions for A. afra have been previously reported [23, 27] . Compositions for E. globulus and M. alternifolia have been undertaken [39] [40] , but for the sake of brevity have been excluded here. Candida albicans (ATCC 10231), Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC 6538) and Pseudomonas aeruginosa (NTCC 9027) were used to test antimicrobial efficacy in the minimum inhibitory (MIC) assay. Diastearoyl phosphatidyl choline (DSPC) and diastearoyl phosphatidyl ethanolamine (DSPE) phospholipids and low molecular weight chitosan were purchased from Sigma-Aldrich (St Louis, MO 63103, USA). All other reagents were of analytical grade.
Encapsulation of essential oils:
In this approach, as described by Kodama et al. [41] , two phospholipids distearoyl phosphatidyl choline (DSPC) and distearoyl phosphatidyl ethanolamine (DSPE), were dissolved in an organic solvent phase of chloroform: methanol (9 mL: 1 mL) in a pear-shaped flask. The phospholipids were stored at -20 o C and placed in a desiccator for 30-60 mins prior to liposome preparation. At this stage, the essential oil (150 mg) was also incorporated into the organic solvent phase. This was ensued with the addition of the aqueous phase (5 mL phosphate buffered saline, PBS). Sonication (to achieve liposome sizing) of the two-phase system was undertaken with a probe sonicator (Vibra Sonics) until the mixture became a one-phase dispersion. The mixture was then placed in the rotary evaporator [BUCHI Rotovapor R-114 (BÜCHI Labortechnik AG, Flawil, Switzerland) and BUCHI Waterbath (B-480) (BÜCHI Labortechnik AG, Flawil, Switzerland)] with the water bath temperature maintained at 65 o C (boiling point of chloroform ~ 62 o C), and the lower pressure limit kept within the range of 200-100 hPa.
The mixture was occasionally vortexed with the optional addition of 500 µL of PBS until there was complete elimination of the organic solvent with formation of the liposomal suspension, comprising the essential oil encapsulated within the phospholipids as reverse-phase evaporation vesicles (REV).
The method was based on the replacement of organic solvent. Initially the water molecules were dissolved in the organic solvent upon heating. As boiling progressed, a portion of the organic solvent (including the phospholipids) moved into the water phase (phase exchange). The organic phase became sandwiched between the water phase, and lipid bilayer vesicles were readily formed. Increasing clarity of the mixture was indicative of progressive phase exchange.
Following formation of the crude liposomal suspension, it was subjected to 3-5 to freeze-thaw cycles (freezing with a 150 mL acetone: dry ice; and thawing at 37 o C). This was necessitated for conversion of the D a = concentration of liposomes (when separate from essential oil) D b = concentration of essential oil (when separate from liposomes)
Interactive Effects of Liposomal Formulation, Incorporated Essential Oil and Polymer Coating: Interpretation of FIC values was based on standards described by Schelz [44] . An interaction was considered synergistic if the ∑FIC value was below 0.50. Additive interactions were considered for ∑FIC values 0.50-<1.00. Indifferent effects were noted when the ∑FIC values were between 1.00-4.00 ∑FIC values > 4.00 represented an antagonistic interaction.
